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DESIGN OF TWO TRANSPJRATIOW-COOI;ED STRUT-SUPPORTED 

TURBINE ROTOR BIXDFS 

By E r n s t  I. PTasse,  John N. B. Livingood,  and Patr ick I,. Donaghe 

D e s i g n  details of two transpiration-cooled  strut-supported  turbine 
rotor  blades are presented. Both  designs are  based on present-day  gas 
temperatures. One design u t i l i z e s  a s in te redblade   she l l ,   the   o ther  a 
w i r e  blade  shell .  Details of   the  s t rut   designs and considerations  in- 
volved in   s e l ec t ion  of s t r u t  material are presented  for  both  blades.  
Ideal   var ia t ions  in   coolant  f low and shell  permeability  requirements are 
determined. 

9 

Because of f ab r i ca t ion   d i f f i cu l t i e s   t ha t  might be  encountered i n  
w at ta ining  the  ideal   var ia t ions,   calculat ions are also  presented  for 

s e v e r a l  prescribed  permeability  variations.  For  the  sintered-shell 
blade a single  uniform  chordwise  and  spanwise  permeability  obtainable at 
the  time of design w a s  considered. The excess 8moullt of cooling air 
over   that   required  ideal ly  w a s  about 65 percent f o r  t h i s  blade. It is 
more l ike ly   tha t   var ia t ions   in   she l l   permeabi l i ty  may be obtainable  with 
the  use of porous w i r e  c loth than with  porous  sintered material. There- 
fore,  four  cases were considered  involving  constant chordwise  and  both 
constant  and va r i ab le  spanwise  prescribed  permeabili t ies  for  the w i r e -  
shell/blade. The excess amount of cooling air over  that  required ideally 
ranged  from 50 t o  230 percent   for   the  four  cases.  

Sizes af orifices located i n  t h e  blade bases for  metering  the  cool- 
ing air ranged froql 0.047 t o  O. l l .0  inch   in  diameter for   both  s intered-  
s h e l l  and  wire-shell  blades. 

+ Many ana ly t ica l   s tud ies   ind ica te   the   po ten t ia l  of t ranspi ra t ion  
cooling  for  cooling components of gas-turbine  engines  designed  for  oper- 
a t ion  at high  turbine-inlet  temperature. Two general tyyes of porous 
material (porous s in te red  m e t a l  powder and  porous w i r e  cloth}  have re- 
ceived  consideration  for  use as she l l s  of transpiration-cooled  turbine 
blades. 

.. 
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Several  types  af porous sintered  turbine blsdes have  been  designed 
and tes ted  under static  conditions (refs. 1 t o  3). A turbine  rotor  blade b .  

with  shell  of porous wire cloth w a s  designed,  fabricated,  and  tested a t  
the NACA Lewis laboratary (ref. 4 ) .  The-shell  was wrapped around a sup- 
port member, or strut, an& joined along t he   t r a i l i ng  edge. Or i f ices   in  
the  blade  base were used t o  meter the  -cooling air t o  each internal  
passage. 

u 

During engine t e s t s  of the  blade  reported  in  reference 4, the wire- % 
c lo th   she l l   sp l i t  along  the trailing edge near  . the  blade  t ip.   This CD 

failure may have been  caused  by insufficient-flow of cooling air t o  the 
0. 

trailing-edge  region of the  blades. It is general ly   diff icul t  to cool 
the  trailing-edge  region  adequately  in  cooled  turbine  blades. I n  addi- 
t ion,  when the  blade af reference 4 w m  des-d, no  method was available 
f o r  determining  the spanwise variation-in  the  cooling-air   pressure i n  the 
rotor  blade pas-sages. A knowledge of the  cooling-air  pressure is  neces- 
s a ry   t o  determine the  coolant-flow rate through t h e  porous wall at any 
position..on.  the blade s.u~:fa~r:...._8.m~.~kn8_far_~~~iag the spanwise 
variation  in  cooling-air  pressure  in  the  passages of a transpiration- 
cooled  rotor  blade was -subsequently  developed  and reported i n  reference 
5. Recently, a procedure wae completed (ref.  .S> fo r   t he  design of 
transpiration-cooled  strut-supported  turbine  rator blades, which incor- 
porates  this  analysis. c. 

" 

. .  

Development -work i s  st i l l  required  to  obtain  transpiration-cooled it 

turbine  blades  that can operate a t  the  high  temperature and stress levels 
associated  with  engines  designed  for  high-altitude,  supersonic Mach  num- 
ber  flight,  while  using  only  the  smdl.ainount of cooling alr required  in  
theory. I n i t i a l  tests ofproposed  blade,designs mus-tusually  be made i n  
a current  engine. Such tests provide an experimental check of theories 
used in   t he  blade design as well as an indication of blade  durability. 
As a step toward the  goal of providing  tranepiratfon-cooled  turbine 
rotor  blades  for  operation at high gas temperature,  the NACA has  designed . 

two blade6 f o r  the sea-level  static  conditions of a current  turbojet en- 
gine,  using  the  procedure of reference 6. A sketch of one such blade i s  
presented in   f igure  I(a),  and layouts of t h e  strut cross  sections  for  the 
two blades are shown i n  figures l (b)  and (3. If fabricated, these 
blades  could  be  tested  in a current  engine. 

These blade: designs were intended (1)- t o  determine the  variations 
in  shell   permeabili ty and quantit ies of cooling air tha t  would be re- 
quired  ideally  to  maintain a prescribed  shelJ-t,emgeratw.e3 (2)  t o  deter- 
mine the  cooling-air  quantities  and  orifice diameters for   specif ied 
var ia t ions  in   shel l   permeabi l i ty   to  which the  designer may be  limited 
in   pract ice  by shell  fabrication  considerations, (3) t o   i l l u s t r a t e  de- 
tails of the  design  procedme of referenceX)- .anF(4)  t o  consider strut 
and shel l   mater ia l   se lect ion and fabrication methods tha t  might be  prac- 
t i cab le  i f  attempts to fabricate   the blades w e r e  made. The purpose of  
the  present  report is t o  present  thi.6  information.... . .  

.- 

c 
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In  the  blade  designs  considered  herein, one b lade   u t i l i zes  a s h e l l  
of porous s intered metal powder and the  other a s h e l l  of porous  wire 
cloth. The strut and she l l  of a blade cannot be  designed  independently; 
for  the  sake of c la r i ty ,  however, the  discussions of the  strut   design 
and .shell   design  for each. blcde are separated. 

SYMBOLS 

A cross-sectional  area, sq f t  

b chordwise per5pheral  width  of  coolant passage, f t  

coolant-passage  hydraulic diameter, f t  

f function 

K permeability  coefficient, sq f 't  o r  sq in.  

L coolant-passage  length, f t  

p s ta t ic   pressure,  lb/sq f t  

R e  gas Reynolds number, pWy/p 

T temperature, OF o r  . R - .. 
0 

v cooling-air  velocity  through porous w a l l ,  f t / sec  

W gas  velocity  relative to blade,  ft/sec 

w weight flow of cooling air, Ib/sec 

x spanwise a s t a n c e  from blade base, f t  

y peripheral  distance from blade  leading edge, ft 

p absolute  viscosity  (based on porous-wall temperature), lb/ ( f t )  (sec) 

p density, lb/cu f t  

d centrifugal stress, p s i  

'G porous-blade shell  thickness, f t  or in. 

9 temperature-difference  ratio, ( T ~  - T~)/(T~. - T ~ )  
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a 

C 

c r  

e 

@; 

i 

le  

r 

t 

t o  

W 

....... coaling-air  supply at blade bake 

cooling air . . . . . . . . . . . . .  , . .:.- .~ - . ~ """..""".--" L- .  . " . 

c r i t i c a l  

external  gas f l o w  

ef k t i v e  gas 

internal coolant . .  ....... -. - .  - . . . . .  .- - 

leading edge 

coolant-passage  entrance (blade root)  

blade t i p  

t o t a l  cooling-q.h f l o w  t o   t u r b i n e  rotor  . . .  

porous w a l l  

. .  . .  

" 

. . .  . .  
. . .  

DESIGN OF SINTERED-SEEUL BLADE-. 

As noted i n  the- INTROIXTCTION, several  types of porous sintered 
turbine blades f o r   s t a t i c  tests have been designed and .t.ested. However, 
no sintered-shell  r o t o r  blades have  been  deaigned.  Since a r o t o r  blade 
design differs markedly  from t h a t  of a stator  blade,   the NACA undertook 
the  design of such a blade. As discussed  in reference 6, h c k  of strength 
of porous materials-.neceagitates  the use danin-Lerna l   load-car ry ing  
member  (strut) to which the  porous shell lpay be attached. Details of  
such 8 design will now be discussed.. 

" 

. " - 
. .  

. . .   . . .  ". - 

St ru t  

Choice of the..stmt material usually depends mainly on imposed 
s t resses .   In i t ia l   es t imates   ind ica te  that, f o r   t h e  design condition, 
t h e  m a x i m u m  centr i fugal  stress on the s t r u t i s  about 30,000 p s i .   I n  
addition t o   t h i s s t r e n g t h  requirement, the  choice of strut material may 
be  influenced by the  blade  fabr icat ion method {3 .g., the shell and strut 
may be sintered  together i n  a high-temperature furnace). S t r e d  
tests a t  1000° F of cast  bar s tock  that  had been exposed t o   s i n t e r -  
ing conditions are reported in reference 7 (p. 71) .  Results  indicated 
t h a t  S-816 d l d y  c d d  withstand 60,000-psi e t ress  a t  this temperature. 

. -  
c. 

.- " 

= 
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These tests were discontinued after 101 and  156 hours  with no rupture. 
With S-816 as t h e   s t r u t  material, the  s t ress-rat io   factor   (see ref. 6 
f o r  a discussion of s t ress - ra t io   fac tor )  employed i n  the present  design 

greatly  influenced by the fabricat ion method. 
* would then  be  approximately 2. The choice of s t r u t  material can thus be 

The a i r f o i l  and base  sectians of the s t r u t  may be cast   in tegral ly ,  
t h e  cooling-air  passages and instrumentation  holes  being formed in   ca s t -  
ing. The base  serrations  for  at taching  the  blade  to  the  turbine  rotor 
would be ground after assenibly of  the strut and shel l .  0 

TI m 
K) In the  preliminary  design of the strut, the  cente2s of gravity of 

each  chordwise sectionwere  stacked on a radial Line t o  reduce  bending 
stresses due t o  centr i f 'ugal   force.   In   the  f inal   s t rut  design, t h e  
centers of gravity of t he  chordwise sections  of  the strut were t i l t ed .  
s l i gh t ly  toward the  suction  surface to compensate par t ia l ly   for   the  gas 
bending  load.  Layouts  of  chordwise  cross  sections of the strut f o r   t h i s  
design at three spanwise positions  (root, mean, and t i p )  are shown i n  
f igure   l (b) .  To simplify  the design and fabricat ion of the   s t ru t ,   the  
strut w a s  designed so that  the  inner  contour  of  the  blade  shell  coincided 
at each  spanwise position  with  the  contour of a standard  uncooled  blade 
of  a current  turbojet  engine. 

? 

There a re  1 2  strut f ins ,  each  approximately 0.060 inch wide, t o  
.I provide  adequate area f o r   t h e  attachment of the   s in te red   she l l  t o  t he  

strut. Hence, with  the  shell  in  place,  five  cooling-air  passages are 
formed on each  blade  surface, i n  addition  to  passages at the  blade  lead- 
ing  and  t ra i l ing edges (fig. l ( b ) ) .  The maximum width of porous she l l  
between f i n s  is about 0.3 inch  for  passages along the  blade  suction and 
pressure  surfaces;  the  ovehang of t he   she l l  forming the  blade leading- 
an& trailing-edge  passages i s  not more than  0.2  inch. The widths between 
f i n s  are less  than  the  corresponding  values  for  the blade design of re f -  
erence 4. With these  widths,  the  shell  should  be stiff enough t o  mini- 
mize vibrations between the   f i n s .  More serious  shell   vibration problems 
may exist near  the  blade  leading and t r a i l i n g  edges; however, these 
problems were not  considered  in  the  present  design. 

The geometry of the  cooling-air  passages,  necessary  for  the  calcu- 
la t ions of the  blade  shell  design, was obtained by measurements of  en- 
larged  layouts of strut cross  sections. These layouts w e r e  taken at f ive  
spanwise positions  along  the  blade.  Typical examples of the  geometry are 
given i n   t a b l e  I. Three typical  cooling-air  passages,  discussed  in  the 
following  section,  are  used  for  the examples. The measured values of 
passage  flow area, passage  width, and hydraulic  diameter are tabulated L 
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against spanwise distance from the bla& base. . To. simplify strut fabri- 
cation as w e l l  a6 the  calculation  procedure for the  bhde  shell ,  t h e  5 

strut is  designed 60 that nearly  l inear spanwise ~ 2 i a t i o n s   i n  passage 
flow area resu l t .  The initial strut design may lead t o  erratic  cooling- 
air pressure and f loy  var ia t ions.   Al terat ioes  . o f  t$e 6 t - t .  d e s w .  . 

(changes i n  p.assage.-cross-sectjonal-area_ .a&ribgtion).  then be re-.: 1 . 

quired. Such al terat ions w e r e  not  necessary in  the  present  design. 

k 

- . ". 
. -  

Shell  

Design condttions. - In transpiration-cooling proce.sses, t h e  prin- 
cipal  defining.  parameters are .. . ." 

" . . "  . " - . . .. 

the  gas Reynolds number Ke, anCthe wall temperature G. The ideal 
cooling-air flow pv may be  expressed i n  te" of these  parameters 8s  
followB: . . 

. . . . - . . . . . . . . . . . . . - . . . . . . . - . " - - - - -. . . - . - . - . - . . . . - . . . . - -. . . . . . . . . - " - 
. .  . .  

Specification of t he  temperatures i n  equation (1) and the Reynolde num- 
ber, then-, essentially-determines the ideal coolant flow by equation (2). 

Sintered- metal powder (e.g., s ta inless-s teel  powder), when attached 
to   the  struts, should  be  able  to  withstand  temperatures Tw of 1000° t o  
1200° F. Use of such shell  temperatures f o r  design  conditian6.  (gas tern- 
perature Tg = 1425O F and  coalant  temperature - T, = 180' F) would re- 
sult  in  extremely-small  required  coolant f-s. It was decided,  there- 
fore, t o  overcool the s h e l l   i n  order t o  increase  the amount of coolant 
required. The shell temperature Tw w a s  therefore  prescribed 86 60O0 F. 
Substitution  in  equation (1)- of Tg = 2250° F, T, = 1200° F, and 
Tc = 7500 F (representative  values f o r  a high-temperature and high  f l fght  
Mach  number application)  yields a value of 1. - cp sirnil& t o   t h a t  ob- 
tained f o r  the design conditions. Because O T : . t ~ s ,  the  lower value of- 
T, should partially  simulate  the  cooling-air flow required at high gas 
temperature,  although  the Reynolds number and shell temperature are dif- 
f.erent  in  the  high-temperature  appli-cation. .. . . -.- -. .. . .- . .  a - 

I. 

- .  

Tests at the  lower w d . 1  temperature- (600° F) would provide data 
useful  in  verifying  heat-transfer and. coolant-flow  theories  used i n  the 
blade design. Strength  tes ts  made by  reducing o r  eliminating  cooling- 
air f low t o  the  blade w o u l d  provide an initial estimate of blade 

I 
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durabili ty.  Such t e s t s  would not  be an adequace subst i tute  for durabil- 

would probably  be  different  for  different w a l l  temperatures. 
3 i t y   t e s t s  at high  temperature, however, because  -the  thermal  stresses 

" 
The value of  T, is  needed to   ca lcu la te  the ideal var ia t ions   in  

shell  permeability-to-thickness  ratio K/T. I n  addition  to  the  value of 
T,, the  gas  pressure and velocity on the  outside blade  surface are also 
needed. 

cn 0 
01 rn 

Distribution of gas  pressure and velocity. - Chordwise dis t r ibut ions 
of gas  pressure'and  velocity relative to   the  blade were calculated at 
three spanwise positions  (root, mean, and t i p )  by the  method explained 
in  reference 6. These dis t r ibut ions are presented  in  f igure 2. The 
points of t rans i t ion  from laminar to   turbulent  flow around the  blade SUT- 
faces were taken as those  points where the  pressure  gradients first 
vanish; i n  most cases,  these  points are the  points of minimum pressure. 
With the  use of this cr i te r ion  and figure 2, it i s  found that cooling 
passages 1 t o  5 l i e  i n   t h e  l amina  gas-flow  region  and  passages 6 t o  1 2  
l i e  in   the   tu rbulen t  gas-flow  region.  Values  of. the  Ehler numbers 

1" I' dw fo r   t he  laminar f l o w  passages  axe  calculable from the  information w a y .  - i n   f i gu re  2. 

Variation  of  ideal  coolant  flow and permeability-to-thickness 
r a t i o .  - The ideal coaling-air  flow pv required  to  maintain a uniform 
shell  temperature  of 60° F w a s  calculated for the  1 2  cooling-air  pas- 
sages.   Forthese  calculations,  as indicated  previously,  the effective 
gas  temperature-was  taken as 1425O F; the  cooling-air  temperature was 
assumed t o  vary l inear ly  through each  passage by the   re la t ion  
Tc 5 180 + 644x OF, representing an increase in cooling-air  temperature 
from blade   roo t   to   t ip  of about 20O0 F (see ref. 6) .  The idea l  pv 
values were determined a t , t h e   t h r e e  spanwise posit ions for the  passages 
by use of the  appropriate  theory i n  reference 6. The spanwise distribu- 
t ions were obtained for each  passage  by  plotting  these  values  against 
spanwise distance;  typical examples are shown i n  figure 3(a). In  t h i s  
figure  ana  through  the  rest  of this report  passages 1, 4, and 10 are 
used as typical  examples (the  leadiw-edge  passage, midchord suction- 
surface  passage, and  midchord pressure-surface  passage,  respectively). 

1 

With the  cooling-passage  geometries known, the spanwise variations 
i n   t h e  gas  pressure  along each  passage  available from the  information  in 
figure 2- .(examples shown i n  f ig .   3(b)) ,  and the spanwise var ia t ions   in  

air pressure  for  the  passages w e r e  calculated (-le6 shown i n   f i g .  
3(c) ) . Finally,   the spanwise variations  in  shell  permeability-to- 
thickness   ra t io  K/T were calculated,  by  substituting % = 1060° R 

m the  ideal  cooling-air flow known,- Lhe spanwise variations  in  the  cooling- 

6 
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(600° F)  in to  the..flow  correlation f o r  a typ ica l   s in te red  material given 
by equation (12)  of reference 6, and solving  for  K/T: % 

The s p a n m i  var ia t ions   in  K/T for a l l  12  blade passages are shown i n  
f igure  4. rA 

. . -. . . - - . . . . . - . . - . . . . . ti. 

- W  
'3 

. .  . " 

Compromises in permeability-to-thickneks r a t io .  - From f igure  4, 
it is  evident  that.  large  variations i n  K/T are required in   bo th  the 
chordwise and  spanwise directinns if a uniform shell temperature  of 
500° P i s  t o  be maintained. Under current te-chniques for. fabrication 
of sintered  blade  shells,  Such variations  in  permeability-to-thickness 
r a t i o  K/T are extremely difficult, i f  at als possible, t o  obtain. 
Therefore, a constant  and attainable value of K w a s  specif ied;   this  
value is  8~10'~~ square  inch (5.56~10-~~ eq f t )  , the minimum value 
That could  be  fabrlcated  with  adequate control of random variations. 
Nith this  constant  value af K, t h e  only possible way t o  achieve var ia -  
t i o n s  i n  K/T similar t o  those sham i n  figure 4 w o u l d  be t o  vary the  
s h e l l  thickness 'c i n  both the chordwise and spanwise directions. The 
required-chordwise  variations  in K/T can be p a r t i a l l y  achieved, how- 
ever, by use of the  constant chordwise K/T i n  conjunction  with me*- 
ing o r i f i c e s   i n   t h e  blade base (ref. 6 ) .  T& type. of _spanwise variation 
i n  7 ,  i n  conjunction  with  the  fixed  value .of K, required..to achieve 
t h e  i dea l  K/T distrfbutions i s  shown i n  figure 5 far t he  three typical 
passages. 

. . . -. . . 

., . - . .  . .. 

Figure 5 shows t h a t  the required  blade r;helJ. $hickness increases 
Prom root t o  tip. This  inverse  taper i s  undesirable with-regard t o  
stress. Figure 6 shows t h e  strut centrifugal stresses p lo t ted  against  
blade span. fo r   s eve ra l   d i f f e ren t   t ape r s   i n  shew thickness. For t he  
blade  with  inverse  taper,  the  root  etress  of 41,OOOpsl is  much higher 
than current turbine blade practice:. From s t r e s s  considerations, a 
normal blade taper  (decrease i n  shell  thickness from . m o t   t o   t i p )  is 
desirable . 

The attainment of the ideal permeabi l i t ies   in   f igure 4 is  incon- 
s is tent   with  the  fabr icat ion  l imitat ions  for   s intered  shel ls  and  with 
strut centrifugal-stress  l imitations.  For t h i s  blade design,  permeabil- 
i t y  and thickness  variations of t he  blade s h e l l  were f ixed   en t i re ly  from 
fabrication and stress-limitation  considerations. Tu.keep the etm-b 
centrif'ugal stress low, a normal taper from 0.050 to 0.050 inch i-n 
s h e l l  thl.ckness  from r o o t . t o   t i p  was -specified. T h i s  r e s u l t s   i n  a maxi- 
mum s t ru t   cen t r i fuga l   s t ress  of about 30,000 psi ( f ig .  6) ,  which agreed . .  

with the i n i t i a l  es-tjmate. Yith a constant value .of K this normal 

.t 

" 

- 
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3 
taper   in   shel l   th ickness  results i n  an increase  in  the  value of K/T 
from the  blade  base  to   t ip .   Since  this  trend is opposite t o   t h a t  of the 
ideal  curves of figure 4, the   actual   b lade  shel l  w i l l  probably  be  over- - coole& compased w i t h  the ideal blade  shell .  

With the  spanwise var ia t ion   in  K/T prescribed,  the  design problem 
becomes the  determination of variation i n  she l l  temperature  over  the 
blade, amoutit of cooling air used, and or i f ice   s ize   for   each  pas-  
sage. As noted in  reference 6, the  calculation of shell  temperature re- 
quires   i terat ion and is tedious. Since wall temperature T, enters  
only in   t he  flow  correlation  for  the porous s h e l l  material (eq. (12) of 
r e f .  6), and since i ts  influence  here is not  too great (ref. 3), the  
tedious  i terat ion  calculat ion w a s  omitted and an  average value of Tw 
w a s  assumed. The cooling-air  flow and pressure  dis t r ibut ions  in   each 
passage w e r e  then  calculated  by  the method of reference 6. Boundary 
conditions were prescribed such that zero  cooling-air flow le f t  the pas- 
sage tip,   since  the  blade is  capped, and so that the  ideal cooling-air- 
flow rate pv w a s  obtained at the  passage  entrance  (blade  base). From 
these results the  amount of cooling afr used  by  each  passage  and  the re- 
quired  or i f ice   s ize  for each  passage were determined. The pv values 
of  several typical  passages,  obtained  for  the  design  values  of  shell 

figure 7. For a l l  1 2  passages, t he   i dea l   r a t io  of total   coolant  flow 

for  the  design  permeability. 

9 permeability and thickness, are compared with  the  ideal pv values i n  

L t o   t o t a l  gas  flow is  0.020. T h i s  is increased  about 65 percent t o  0.033 

Orifice sizes.  - With a uniform  cooling-air  supply  pressure known 
and the  various  inlet   pressures a t  the base of each  cooling-air passage 
available from the  preceding  calculations,   the  orifice  sizes  for  each 
passage  can  be  calculated. A cooling-air  supply  pressure pa of 8352 
pounds per  square  foot  absolute (58 psia)  w a s  used.  This  value  corre- 
sponds t o  compressor-discharge  pressure for  the  design compressor pres- 
sure r a t i o  of 4 at sea level .  Values of the nozzle  coefficient were 
t&en from reference 3. Figure 8 shows the   s izes  of the  orifFces re- 
quired  for each  coolant  passage  plotted  against  the  coolant  weight  flow 
t o   t h e  passage. The o r i f i ce s  range i n  s i ze  from 0.047 t o  0.110 inch i n  
diameter.  Figure 8 shows t h a t   t h e  leading- and trailing-edge  passages 
require   the  largest   or i f ices .  

Fabrication  Considerations 
I. 

Several  different ways to   fabr icate   the  s t rut-supported  blade  with 
a s in te red   she l l  have received  consideration. Two of these will be  dis- 

requires a f i l l e r  i n   t h e  coolant  passage. The s intered powder is poured 
between t h e   f i n s  of the strut and the mold. The s h e l l  powder i s  then 

L cussed  briefly. One method involves  the.use  of ari exterior mold which 
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sintered,  and  the whole 2s sinfiered. o n t a  $he-_ strut i n  a. hi.&-temperatFe 
furnace (ref. 1). The other method involves  the  fabrication of sheets 
of s intered material i n   t h e  "green" state, which can be wrapped around 
the  strut and joined .to t he  strut along  the strut .f ins and blade base. 
Each method appears t o  have both advantages and &sadvantages; some if 
t h e   d i f f i c u l t i e s   t h a t  might arise with e i t b c  method will now be die- 
cussed. 

U s e  of exteriar laold. - If the exterior-mo.1d.metho.d is used, s t g t  
tolerances must be low. .If th.ese.tolerance$..+e not  held t o  a minimum, 
deviations from the  prescribed  permeabil.ity-to-thickness  variation  for 
t h e   s h e l l  will result. These.. deviat.ions, .in. tcxn, w i l l .  a f f ec t   t he  cool- 
ant  flow and the shd l  temperature, ana black failure could r e su l t .  A6 
a consequence, t he  dimensions of each cast strut dl1 have t o  be indi-  
vidually checked (a permissible var ia t ion is..&,002  in.. i n  strut thick- 
ness) a t  various  spanwise and chordwise  locations. A gui l lo t ine  gage 
is  usefu l  f a r  sucli"purpo6es. It may be pos.sible t a  hold these low 
tolerances in production  quantities;  otherwise,  appropriate methods +st 
be  taken  .to rework each s t r u t  so that the  bee$. poss ib le  blade w o u l d  
result. 

. -  

. - . . . . . . . 

The method-of  formation  and  attachment of t he   she l l  to the   blade 
strut which employs the exterior mold necessitates tEe iiulng of the  
cooling-air  passages. The f i l ler  is essent ia l  t o  preserve  proper-sized 
cooling-air  passages. After sintering, :it must be poesible t o  remove 
t he  f i l ler .  

Attachment  of t h e   s h e l l  at the blade base l a  also important. The 
sintering  process would accomplish t h i s  attachment.  Strut f i l le ts  must 
be large. enough t o  avoid  cracking  the  shell   and-to minMze  stress con- 
centrations. A blade cap will a lso  be required t o  eea l   o f f  the coollng- 
air passages at the  blade t ip ,   thus   ensuring  that   the  blade w i l l  be 
cooled  solely  by  transpiration. 

. .  

Use of sheets. - If sintered sheet6 we mapped  around the  struts 
and joined along. an edge t o  form t h e  blade shells, the  desired 
permeability-to-thickness  ratio can be  maW-iLned-even i f  t h e  strut 
thickness  tolerances  are moderate (a.005 i n . ] .  The slight d t e r a t i o n s  
to   t he   b l ade   p ro f i l e  would have l i t t l e ,  i f  any, effect on either  coalant 
flow or  shell  temperature.  This wrap-around construction method, how- 
ever, would require a device. that would force uniform contact of the 
shell t o  the strut f i n s  for Joining the shell t o  $he . fins. .. 

. . .. 

*- - 

" 

" 
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DESIGN OF WIRE-SHEU BLADE 
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In  the  experimental  transpiration-cooled  turbine  rotor  blade re- 
ported i n  reference 4, the  porous wire cloth was wrapped around the 
s t r u t  and  welded along the   ' t ra i l ing  edge, t o   t h e   f i n s ,   t o   t h e  base, and 
across   the   she l l   t ip  t o  form a.cap. A5 noted i n  the INTROIXJCTION, she l l  
failures  occurred  near  the  blade  t ip along the  trail ing-edge weld. The 
necessity for a spanwise j o i n t   i n  t h e  wire-cloth  shell  could  be elimi- 
nated if the  blade  shell   could  be formed from a seamless tube  end f i t ted 
over the   s t ru t .  One such type of she l l  has been fabricated by Poroloy 
Equipment, Inc. (ref. 8). The blade  design  discussed  herein  could em- 
ploy either type of shel l .  

S t ru t  

The choice  of strut   material   again depends on the   fabr icat ion pro- 
cedure, to   the   ex ten t  that a sat isfactory bond between the   she l l  material 
and the   s t ru t  material must be obtainable. S-816 a l l o y  should  again 
be feasible  as the strut material. The s t r e s s - r a t io   f ac to r   fo r  this 
material i n  t.he present  design would again be approximately 2, assuming 

c blade l i fe  equals that obtained i n  specimen pull tests. 

A turbine rotor blade i s  subjected  not o n l y  t o  centrif'ugal and - thermal stresses but also t o  bending  loads due t o   t h e  fact that t he  
centers of gravity of  each  spanwise section are not on a radial l ine .  
In  the  design.for  the  wire-cloth  blade,  it w a s  found  necessary t o  re- 
stack  the  sections after the  initial layouts were made in   order  t o  aline 
the'centers of gravity on a nearly radial line. 

The strut for the wire-shell  blade  (0.025-in.  shell  thickmess) w a s  
designed so the  outside  blade  profile  coincided  with that of the same 
uncooled  production  blade  used 86 the   bas i s  for the  design of t h e  
sintered-shell  blade. Ihs, th i s   ou ts ide   p rof i le  corresponds t o   t h e  
ins ide   she l l   p rof i le  of the  sintered-blade  design. It w a s  found tha t  
t h i s  requirement yields smaller s t r u t  and  cooling-air-passage  cross- 
sectional areas .  Higher cent r i f iga l  stresses (35,000 p s i  compared with 
30,Oocl ps i )  and  higher  cooling-air Mach numbers result. 

The higher Mach numbers may result i n  erratic flow and pressure 
distributions  in  the  cooling-air   passages,  as noted in   reference 6.  In  
the first strut design, there  were large  decreases.  in  the  passage  flow 
areas from the  blade  root   to   t ip .   This   resul ted  in   errat ic  flow  and 
pressure  distributions  inside  the  cooling-air  pasqages when the   idea l  
blade  shel l  w a s  calculated. Accordingly, the  strut was redesigned to 

such  undesirable  effects. From stress considerations,  the redesign must 
not reduce metal area too much. In  the  present  case,  the initial design 

* 

- reduce the spanwise gradients i n   t h e  passage  flow areas and  minimize 
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resulted in  coolant  passages with excessive  areas. The redesign  in this 
case  resulted simply i n  adding mre metal t o  the s t r u t .  The stacking of I 

the blade elements was not disturbed, and the e r r a t i c  flow and pressure 
dis t r ibut ions in the caoLant passages w e r e  eliminat.ed. . . In general, how- 
ever, this strut   redesign may not be accomplished so e a e i b ,  and campro- 
mises may be necessary. 

The final s t r u t  desi$pris"-shown in   f i gu re  1( c), where the layouts of 
three cross sections  (root, mean, t i p )  are. indicated. Again, 12 cooling- 
air passages are farmed on each  surface In addition to  the  leading- and 6 
trailing-edge  passages. Fin widths of fram Q.060 t o  0.080 inch are used a# 

Q1 

t o  provide  sufficient width f o r  attachment bf the .shell- to the strut. The 
rr) 

m a x i m u m  unsupported  width of the porous she l l  between s t r u t  fins fa again 
about 0.3 inch  to  hold shell v ibra t ions   to  .$.minimum. %e overhang of the 
leading and trailing edges of the shell does not exceed-.0.25  inch. A 6  i n  
the design o f t h e  sintered-shell blade, tKe shell vibration problems at 
the blade leading and trailing edges w e r e  not considered. 

- 

.. - 

Ty-ptcal passage geometrtes for the  wire-clath blade, measured from 
scaled  layouts of s t r u t  cross sections,  are given i n  table  11. Note that 
nearly  l inear spanwise va r i a t i ans   i n  passage flow area are used. The 
design of  the blade base is essent ia l ly   the same as f o r  the sintered blade. 

5 

She 11 
I 

The shell f o r  the wire blade is designed for  conditions comparable 
with those used for the  design of .the sinwed. tshell. The appropriate 
theories of ref-erence 6 %re Main employ~d, A . typical-shell  material 
might be s ta inless-s teel .wire   c loth. :  

." 

. " 

. " 

Distrtbution of gas pressure and velocity. - Chordwise vaziations in 
gas  s ta t ic   pressure -FI.TLd .gas veloc i ty   re la t ive   to  the blade were de&rmined 
at three spanwise b.cations ( f i g .  9 )  . ~n estimate of the t rans i t ion  
points from laminas to  turbulent  f l o w  on the blade surfaces i s  made In 
the same  manner as discussed  previously, and agab pasaagee 1 .to 5 are 
found t o  be i n   t h e  laminas gas-flow  region .and passages 6 t o  12 in the 
turbulent  gas-f low region. 

Variation of ideal coolant flow and permeability-to-thickness  ratio. - 
A n  effective  gas  temperature Tg of 1425" F i s  again used. The same 
l i n e a  spanwise variation i n  cooling-air  temperature as used i n  the 
sintered-blade d e s m ( i . e . ,  T, =-180 + 644x 9) i s  assumed. A shell 
temperature Tw of 600° F is prescribed,  for  the same reasons as given * 
previausly. spm- var ia t ions   in  ideal coaling-air flow pv are t b e n  
calculated f o r  each passage, using the  appropriate- Laminar or turbulent 
heat-transfer  theory.. Examples of these vasiations a e  shown irrfigure 
lo( a) . 

- 
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The spanwise var ia t ion in gas  pressure i s  found from the   da ta  of 
figure 9, and  examples are given i n  figure 10(b).  The geometry  of the 
cooling-air  passages  necessary  for the calculation of the  cooling-air 
pressure  pi i s  given i n  table II. The spanwise variation  in  cooling- 
air  pressure is calculated  for  each  passage, and t he   r e su l t s   fo r   t yp ica l  
passages are shown in  f igure  1O(c) .  FFnaUy, the ideal spanwise var ia t ion 
in  the  permeabili ty-to-thickness  ratio K/'C i s  calculated  for  each  pas- 
sage, by substi tuting T, = 1060° R (600° F) in to  the flow  correlation 
f o r  w i r e  cloth  given  by  equation (12) of reference 6 and solving for 

I 

., 

w 
(D 

0 
co K/T . The r e su l t  is 

The ideal spanwise variat ions in  K/T fo r  the 12 cooling-air  passages 
of t h i s  blade design are given i n   f i g u r e  11. 

Compromises i n  permeability-to-thickness  ratio. - Figure 11 shows 
t h a t  wide chordwise and spanwise var ia t ions i n  K/T are required to 
maintain  the  prescribed  shell  temperature. These permeability  variations 
are extremely d i f f i cu l t ,  i f  possible,   to  obtain.  Comgromises are  there- 
fore  necessary. U s e  of a constant chordwise permeability i n  conjunction 
wlth o r i f i ce s  in the blade base t o  meter the cooling air t o  each blade 

- passage p a r t i d l y  compensates f o r  a constant chordwise K/T. The corn- 
promise  spanwise var ia t ion must be obtained  from a consideration of the  
ideal  curves in f igure 11 and from the type of permeability  variation 
that cazl be fabricated.   Several   permeabili t ies  for  the blade shell  have 
been considered. These are discussed i n   t h e  following paragraphs. 

c 

From the ideal spanwise permeabili ty  distributions  calculated for 
the 12 coolant  passages  (fig. ll) , shell   permeabili t ies feasible wlth 
respect   to   fabr icat ion and such that the  porous wall temperature nowhere 
exceeds the design  value of 600° F be employed. For  each  permeabil- 
i t y  the amount of coolirg a i r  used i n  each  passage was estimated by  using 
the short-form  solution for the  internal coolant  pressure  pi as indi- 
cated i n  reference 6, and eliminating the tedioua  iteration  process  by 
assuming an average  value  of w a l l  temperature. from the estimated 
cooling-air consumption for  these  passages, an estimate of the amount of 
cooling air used by the  entire  blade w a s  available. Four d i f fe ren t  
specifications were considered. 

Case 1: For case 1, a constant chordwise  and constant spanwise she l l  
c permeability-to-thickness  ratio K b  equal  to  the maximum idea l  values  

calculated for the  passages, K/T = 0 .60X10-9 foot, was used. 

- Case 2: For  case 2, constant chordsri,se but  different  constant 
spanwise values of K/T w e r e  used for  the  suction  surface and pressure 
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surface of the  blade, equal i n  each  case t o  the maximum ideal  value cal- 
culated  for  the passages on the blade surface. (The l e a n g - e d g e  passage 
was considered t o  be. on the pressure  surface; the, trail&-edge passage, 
on the suction  surface..) For the  pressure  surface, K/T = O.60xW9 foot; 
for the  suction  suxface, K/z = 0 .22X10-9 foot - 

Case 3: For case 3, constant chordwise and variable .spanwise 
values of K/z with  the same spanwise variat ion on both  pressure and 
suction  surfaces w e r e  used. This spanwise varration waq chosen a8 the 
envdope  of  the ideal spanwise variations an& is .shown in figure E!( a) . 

Case 4: For case 4, a constant chordwise value of K/T b u t  d i f fe r -  
ent spanwise var ia t ions i n  K/z for  the  pressure and suction  surfacee 
were used.  These spandse variations were chosen as the  envelopes of the 
idea l  spanwise variations  calculated f o r  each surface and are  shown i n  
f igure  X(b )  . 

From the   resu l t s  of these calculations,   the  total  welght flow of 
cool- air  wto for   the  turbine  rotor  a s  found fo r  each  case, assuming 
a fully cooled  wheel  with 54 cooled  blades.. The r a t i o  of wto t o  the 
engine gaa -weight  flow was. calculated for .gas Tlar of 75 p o w 6  
per second. Finally,  the r a t i o  of d e B i @ t n  t o t a l  cboling-air  flow t o  the- 
ideal t o t a l  cooling-air flow w a s  calculated in each case. These re su l t s  
are-tabulated as follows : 

Case 

Ideal  
1 
2 
3 
4 

W t o  Design cooling-air consurqption 
Engine gas  weight  flow  Ideal  cooling-air consumption 

0.020 

1.9 .037 
2.4 .047 
3.3 ,065 
1.0 

1.5 .O29 

This  table shows that case 4, the  specified  variable spanwise K/z w i t h  
a different  variation specified f o r  each blade surface, -is t o  be pre- 
ferred,  since the excess cooling-air flow is.0nI.y about 50 percent. The 
case of a constant  permeability  over  the  enttre  blade surface, case 1, 
i s  undestrable, since there i s  an excess flow of cooling a i r  of 230 per- 
cent over the  ideal f low. . A good convectian-cooled  blade (impermeable 
shel l )  would  pro’tja%I$ be more effect ive thsth a transpiration-cooled  blade 
wi th  case 1 permeability. Cases 2 and 3 are  intermediate,  the excess 
coolant ’flow being  about 140 percent and 90 percerit, respectively, over 
the  ideal  value. From these  f igures it i-s apparent that the  potent ia l  
of transpiration  coaling af turbine rotor  blades, with the low smounts 
of ~00 lFng  air ideally  required, must be compromised t o  a l l o w  for a blade 
shell that i s  feasible  with  regard  to  present  fabrication methods. 

m 

CEI 
(D 

-cD 
0 

. . .. 

.r 



NACA RM E56A24 -- - 15 

cE1 
CD 
0 
CD 

Orifice  sizes.  - The orif ice   s izes   for   the  three  typical   b lade  pas-  - sages (I, 4, and 10) were calculated. The cooling-air supply pressure  a t  
the  blade  base  p w a s  again assumed t o  be 8352 pounds per  square  foot 
absolute  (58  psiak. A typical  value of the  nozzle  coefficient,  determined 
experimentally in reference 3, was taken as 0.84 in a l l  cases. The re-  - 
s u l t s  f o r  the-  three passages are  presented i n  the following table:  

Case Orifice  diameter,  in. 
Leading-edge 

surface  passage 10 surface  passage 4 passage 1 
Midchord pressur-e- Midchord suction- 

Idea l  

.047 .042 .lll 4 

.Oa7 .054 .111 3 

.062 .052 .144 2 

.062 .070 .144 1 
0.045 0.024 0.097 

These diameters  are of the same order of magnitude a s  in f igure 8 f o r  
the  sintered  blade. 

Fabrication  Considerations 
c 

The attachment of the wire  shel l  t o  the s t r u t  f i n s  is  a major prob- 
lem. I n  the  blades of reference 4, the  wire  cloth w a s  welded t o  the 

eliminate  this  undesirable  effect,  fabricators,  in  initial  attachment 
attempts,  might  resort  to  brazing. A s  i s  the  case  with  the  sintered 
blade, some exteri-or device w i l l  be  required t o  ensure good contact  be- 
tween s h e l l  and s t r u t  f i n s .  Moderate s t r u t  tolerances of the  order of 
those  for  the wrap-around sintered  blades  should  be  permissible. 

- s t r u t  f i n s ,  and  numerous dimples  over the blade prof i le   resu l ted .  To 

Attachment of the   she l l  t o  the  blade  base will be necessary t o  pre- 
vent  cooling-air  leakage. The blade cap m y  be achieved by forming an 
elongated  shell  and joining  the shell halves at the  blade  t ip.   (This 
w a s  done to   the   b lades   repor ted   in   re f .  4.) The a r i f   i ce   p l a t e  may be 
attached at the blade base by means of pins tack-welded t o  the  base,  as 
in  the  sintered-blade  design.  Centrifugal.  force due t o  rotation  should 
again  provide an effective  seal   against  loss of cooling air at the blade 
base. 

GENERAL COMMENTS 
* 

Because the same standard  engine  conditions were chosen for   both 
the  sintered-shell  and the  wire-shellblades,   there  are no great   d i f fer-  

wire-shell  blade i s  thinner than that f o r  the  sintered-shell  blade. The 
- ences i n .  blade  shape. A s  was already  noted, however, the s t r u t  f o r  the 
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lesser  metal area for the  wire-shell  blade resulted,  therefore, In a 
higher maximum centrifugal stress (35,000 psi)  t+ far the sintered- 
shell  blade (30,000 p a t )  . In  the stress calculations  for hoth blades, 
no c red i t  was given t o  the s h e l l   f o r  any load-cmying   ab i l i ty .  As noted 
in  reference 9, however, wire  cloths  appear much stronger than sintered 
materials. It would be log ica l   t o  expect,  therefore, that the  wire  shell  
may carry more of itE- centrifugal  load than the s intered  shel l .  This 
would r e s u l t  Jn closer agreement i n  the maximum strut .centrifugaL strem 
(i. e ., .reduce  the  35,000-psi  figure) . 

The idea l   to ta l   coolan t -   to   to ta l  gas-flow r a t i o  i s  about 0.02 far 
both  the  sintered-shell  and the..wire-shell blades. Hence, there i s  little 
t o  choose  between the two blade  deslgm  in  the  ideal  caae. .   In  coqarlng 
the two blades  for  -the  design  cases,  the  conditions far w?aich. the  respec- 
t ive  calculat ion8 w e r e  made must be kept  clearly in mind. Such compari- 
sons w i l l  only serve  to  indicate  trends.   Speceication of design vasia- 
t ions   in   she l l   permeabi l i t i es  were made from different  consideratione for 
the two blades. These are reviewed in the fallowing paragraphs. 

When the  ideal  requirements  for the sintered-shell blade were found, 
there was no experience mailable in  the  fabrication of she l l s  of varia- 
ble permeability-to-thickness  ratio. The s lq l e s t  approach  appeared t o  
be  holding a const&  permeability and varying the  thickness. Unfortu- 
nately,   th is   resul ted in inverse taper, which is precluded from s t r e s s -  
considerations. To minimize overcooling,  the  lowest  poesible  value of 
permeability K w a s  desired. The value of K selected ( 8 x 1 0 - ~  s q  in.)  
was the smaLlest value  that  could  be  fabricated w i t h  adequate  control of 
random variations.  From strut   stress  considerations,  a normal taper in 
shell   thickness of 0.050 t o  0.030 inch was.chosen. 

For  the wire-shell blade, destgn permeability  approaching t d e d  
values was considered. The attainmentkof such permeabilities may be mre 
feasible  f o r  w l ~  shel ls   than  for   s intered shells.. To explore  these 
poss ib i l i t i es   fur ther ,  f0.m different  permeability variations were con- 
sidered. . The variation most closely approach- the   idea l  was found to 
be a constant chordwise value of K/T but different  spanxise  variatLon8 
f o r  the pressure and suction  blade  surfaces. The case most e a s i l y  fab- 
r icated was  for a Constant  permeability  both  chordwise and apanwise. For 
this  case,  the  values chosen were K = l.S~lO-1~ square  inch, 8nd 
'I; = 0.025 inch. . .  . .  . 

The preceding  discussions  indicate i n  which directions the fabrica- 
tors  of-porous materials must concentrate their efforts in order t o  pro- 
duce the type of porous blade shell  ultimately  desired. On the basis of 
present knowledge -and the calculations  reported  herein, it i s  apparent 
t ha t  lower permeabillrties  with  adequate  cmtrol.of random variations i n  
permeability, spanwi.se v q i a t l o n s  i n  permeability, and reduced  blade 
shell   thicknesses appear desirable   for   s intered-ahel l  blades. O n  the 
same basis, it appears more desirable t o  achieve spmwise v a r i ~ t i o n s  in 
permeability  for  wire-cloth shells than  for fl-intqed shells. - 
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. The attachment of the  shell  to  the  strut  introduces  complications 
for  both  types of shel ls .  From the view of improving allowable  strut 
tolerances, it appears advisable t o  use a wrap-around technique. Even 

areas must be  provided.  Although i n   t h e  wrap-around technique used i n  
reference 4 the   she l l  was at r o o m  temperature, it may be  necessary t o  
t r ea t   t he   she l l  to  increase i t s  p l i a b i l i t y  (e .g ., by heating) . Such 
action would depend not o n l y  on the type of sheli. used, but   a lso on i t s  
permeability and thickness. 

- so, s o w  means of assuring  contact between s t r u t  and s h e l l  at the  junction 

Insofar as the   re la t ive  ease of fabr ica t ion   of . the  two blades and 
the i r   du rab i l i t y   i n  engine  operation  are concerned, no general  statement 
can now be made. Although the   r e su l t s  of reference 4 give some indication 
of t he   f eas ib i l i t y  of w i r e  cloth  for  the  present  application,  additional 
experimental work in fabricat ion and tes t ing  of both types of blades i s  
needed before  genera1  conclusions can be reached.. 

SUMMARY OF €ESULTs 

The design  details  of 4x0 transpiration-cooled  turbFne  rotor  blades 
* have  been  presented. One blade used a porous s h e l l  of sintered powder 

and the  other a wire-cloth shell; both  blades w e r e  strut-supported. 
Ideal  coolant  flows were found f o r  an effective  gas  temperature of 1425' 

Although these t e q e r a t u r e s   p r e v a i l   i n  a test  vehicle, approximately the  
same coolant flow w i l l  obtain i n  a high-temperature  application. The 
pr inc ipa l   resu l t s  are summarized as follows: 

- F, a coolant  temperature of 180' F, and a s h e l l  temperature of 600° F. 

1. For  the  foregoing  conditions,  the  ideal  permeability-to-thickness 
variations that result appear d i f f i c u l t   t o  f&bric&te for both  sintered 
and wire blades. For  the'blade  with a sintered  shell ,  use  of presently 
available  permeabili t ies  resulted in shell   thickness  variations that made 
centr i fugal  stresses prohibitive. 

2. For the permeability-to-thickness compromises investigated, the 
blade  with  the sintered shell  required  about  1.65 times as much cooling- 
air flow as the  ideal  requirement; the  blade with the  wire  shell   required 
from 1.5 t o  3.3 times as much coolant,  depending op the  comgromise. These 
compromises result in  cooling the s h e l l  below the specified temperature 
of 600° F. 

t 3 - Selection of s t r u t  material depends on imposed stresses and shell 
attachment and fabricat ion methods. Strut   redesign may be  necessary t o  
eliminate erratic spanwise var ia t ions  in   cool ing-air   pressure as w e l l  as 

- t o  minimize centrifugal and  bending stresses. 
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4 .  For design  conditions  the orifices range Fn s ize  from 0.047 inch 
t o  0.110. inch i n  diemeter f o r  the sintered  blade"  Coqgrable  sizes are L 

indicated for the blaile  with the wire shell. f n  both instances, the 
leading- and trailin@;-edge pashages .re.qw.s.-t& l+rge-st " . orFficee. . . . .. 

- x . -  
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Lewis  Flight  Propulsion  Laboratory L. 

National Advisory Committee f o r  Aeronautics 
Cleveland, Ohio, January 30, 1956 . .. 
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TABLE I. - TYPICAL PASSAGE GEOMETRY FOR SJXIXE3D BLAD% 

[ Coolant-passage length L, 0.325 ft. 3 
Passage I Distance from I Passage f l o ~ l ~ ~ e  width, 

1 0.021 
.093 
165 

.237 
,310 

2.25x10-' 
1.74 
1.24 

.74 

.24 

0.045 
.038 
.031 
024 

-016 

4 0. 69X10'4 0.021 0.021 
.093 .021 .73 
165 

.023 .86 310 

.022 .82 e237 

.022 .78 

10 0.021 0.69 f i O - 4  0.021 
.093 

.022 .80  .237 

.021 .76 .165 

.021 .73 

310 .023 .83 

Pas sage 
hydraulic 
diameter, 

ft 
Dh, 

0 0144 
-0323 
.0101 
.om0 
.0058 

0.0062 
0064 
0066 

.0068 

.0070 

0.0059 

.0062 
0063 

. oos  

0060 
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 TAB^ II. - Typrcu PASSAGE GEOMETRY FOR W~E-CLOTH BD 

[ Coolant-passage length L, 0.325 ft. 1 

Passage 
b, mea, A, base, x, nurtiber 

Passage width, Passage flow Distance from 

ft ft sq ft 

1 0.0349 1 . 2 4 3 ~ 1 0 - ~  0.026 
.096 

.Om7 .2O8 .296 
0323 368 .256 
0344 .667 .176 
.0365 .980 

4 0.0193 0. 653X10-4 0.026 
.096 

.0144 .E52 .296 

.0148 .208 .256 

.0167 .375 .176 
,0177 .514 

10 0.0193 0.a54x10-4 0.026 
.096 

.0144 .I25 .296 

.OE1 .236 .256 

.0182 .674 
m176 ,0172 .444 

Passage 
hydraulic 
diameter, 

D h J  
ft 

0.01027 
.OO836 
.00632 
.00403 
.00389 

0.00619 
.0054Q 
.OO424 
,00271 
.oO180 

0.00728 
.a0624 
.00449 
,00295 
.00166 

. 
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(b) Strut cross ssctions of sintered-shell b m e .  

Figure 1. - Continued. Transpiration-cooled strut-mpported turbine rotor blade, and 
layouts of atrut or088 sections for Sintered-sheJl en4 w i f e - a h e l l  blades. 
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(c) Strut cross sections of wire-shell blade. 

Figure 1. - Concluded. Transpiration-cooled stmt-supported turbine rotor blade, and 
layouts of strut cross sections for eintered-ahell and wire-shell blades. 
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Figure 2. - Chordwise variations of relative gas velocity and -8 preeme far eintered-ehell blade. 
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Figure 5 .  - Typical reqnir6.i spanvise sariatim in she= 
thickness to obtain ideal variation Fn shell  permeability- 
to-thiokness ra t io  with constant shell permeability of 

aquare Inches. 
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0 .2 .4 .6 .8 1.0 
Spanwise pcmition, X/L 

Figure 6. - Effec t  of spanwise taper in shell 
thicknese on s t r u t  centrifugal stresses far 
sintered-shell blade, - 
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Figure 7 .  - Comparison of ideal and  design cooling-sir flor f o r  typical passwes of 
sintered-shell blade. 
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Figure 9 .  - Chordrille var lat lm of relative gad velocity and gas pressure f o r  wire-ahell 
blade. - 
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Spanwise pmit im,  x/L 
Flgure 11. ~ Ideal spanwlse varlatima In shell  pmabillty-to-thialmcss  ratio far pmaages of wire-shall blade. 
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